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Abstract 
   Clarification of the position of the Fermi level (EF) is important in understanding the 
origin of ferromagnetism in the prototypical ferromagnetic semiconductor Ga1-xMnxAs 
(GaMnAs). In a recent publication, Souma et al. [Sci. Rep. 6, 27266 (2016)], have 
investigated the band structure and the EF position of GaMnAs using angle-resolved 
photoemission spectroscopy (ARPES), and concluded that EF is located in the valence 
band (VB). However, this conclusion contradicts a number of recent experimental 
results for GaMnAs, which showed that EF is located above the VB maximum in the 
impurity band (IB). Here, we show an alternative interpretation of their ARPES 
experiments, which is consistent with those recent experiments and supports the picture 
that EF is located above the VB maximum in the IB. 
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There has been a long-standing dispute over the Fermi level (EF) position in the 
prototypical ferromagnetic semiconductor Ga1-xMnxAs (GaMnAs). Determination of the 
EF position is particularly important to clarify the origin of the ferromagnetism of 
GaMnAs. In Ref. 1, Souma et al. have investigated the band structure and the EF 
position of GaMnAs using angle-resolved photoemission spectroscopy (ARPES). They 
have concluded that EF is located in the valence band (VB). In this case, ferromagnetism 
is thought to be stabilized by the itinerant VB holes interacting with the localized d 
electrons of the doped Mn atoms. (Hereafter, we refer to this picture as the VB 
conduction picture.) However, this conclusion contradicts previous experiments 
including soft X-ray ARPES,2 resonant tunneling spectroscopy,3–6 magnetic circular 
dichroism, 7 , 8  infrared absorption spectroscopy, 9  and optical pump-probe 
measurements,10,11 which showed that EF is located above the VB maximum in the 
impurity band (IB). (Hereafter, we refer to this picture as the IB conduction picture.) 
Here, we present an alternative interpretation of the ARPES measurements reported by 
Souma et al.1 Our interpretation is consistent with the IB conduction picture and likely 
more reasonable to understand their results than the VB conduction picture. 
Ambiguity of the interpretation of their results originates from the following reasons. 
As can be seen in Fig.1c,d in Ref. 1, the spectral intensity of the VB is strongly 
suppressed in the energy range from ~1 eV to EF. Thus, it is difficult to unambiguously 
identify each band in this region. Also, because the second derivative of momentum 
distribution curves (MDCs) is known to be inapplicable near the top or bottom of 
energy bands, the top of bands A and B show a Λ-like shape, which is obviously 
different from the theoretical dispersion curves obtained by the tight binding calculation 
shown in Fig. 1e in Ref. 1. Note that, in Ref. 1, band A is assigned to the split-off (SO) 
band of GaMnAs. The SO band was reported to protrude the heavy-hole (HH) and 
light-hole (LH) bands in the surface-sensitive ARPES measurements by Kanski et al.12 
The reason for the large deformation of the SO band is not so clear at present, but the 
top of the SO band reaches very close to the EF as in Fig. 2 of Ref. 1. Because such a 
deformation has not been detected in the bulk state of GaMnAs,2 this may be caused by 
unknown surface states. (It should be noted that in Kanski et al.’s data12 the HH and LH 
bands do not cross EF unlike Ref. 1.) These results make it questionable to determine the 
VB position relative to EF only from Souma et al.’s experimental results. Their 
conclusion that EF is located in the VB was not directly obtained by the measurement 
results but was derived from the fitting curves of the calculated band structure of GaAs 
obtained by the tight binding model. 
Here, we show an alternative way of fitting of the theoretical band structure to their 
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ARPES data. The red open and filled circles in Fig. 1(a) in this paper show peaks in the 
second derivative intensity of MDCs and ARPES spectra of Ga0.95Mn0.05As reproduced 
from Ref. 1. Figure 1 also shows the theoretical band structure of GaAs (black and 
 
Fig. 1 (a) Comparison between the ARPES data of Ref. 1 and the calculated 
band structure of GaAs when EF is located at 40 meV above the VB maximum 
(i.e. IB conduction picture). The black and orange curves are the calculated 
band dispersions of GaAs1 at the wave vector kz = 0 (ΓKX plane) and kz = 2π/a 
(XKΓ plane). Here, a is the lattice constant of GaAs. Bands are labeled with 
A-D. (b),(c) Color map of the ARPES data12 obtained with photon energies of 
453 eV (b) and 21 eV (c) (courtesy of J. Kanski). The red open circles (or blue 
open squares) and the filled circles are the second derivative of the intensity of 
MDCs and the ARPES spectra reproduced from Ref. 1, respectively. 
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orange curves) when EF is located at 40 meV above the VB maximum in the band gap4 
(i.e. IB conduction picture). One can see that the theoretical curves well fit to the 
experimental results, especially to the ARPES spectra (red filled points). This indicates 
that their ARPES data do not contradict the IB conduction picture. Although the 
experimental data show a small deviation from the theoretical curves at the top of band 
A, this is probably because the signal is heavily broadened and the spectral shape is 
strongly deformed as mentioned above. A similar phenomenon of intensity broadening 
occurs near the top of band B (very faint blue region in Fig. 1d of Ref. 1). In Fig. 2 of 
Ref. 1, the EF position was discussed with this largely deformed band B in detail. 
However, because the intensity shape is largely different from the theoretical dispersion 
curves near the top of band B, we think that more careful analysis is necessary for the 
determination of the EF position relative to the VB. Also, we emphasize again that MDC 
data sometimes give a wrong band dispersion especially near the top of the VB or the 
bottom of the conduction band.13  
Kanski et al.12 reported that the deformed SO band was observed when using a low 
incident photon energy. In their ARPES data obtained with a high photon energy of 453 
eV shown in Fig. 1(b), the HH and LH bands do not cross EF, which is consistent with 
the IB conduction picture and agrees well with the ARPES data of Ref. 2. This is clearly 
different from the case of another Mn- and hole-doped semiconductor, where the EF is 
located in the VB.14 The data by Souma et al. almost follow Kanski et al.’s data 
[Fig.1(b)]. On the other hand, when using a low incident photon energy of ~20 eV, 
Kanski et al. observed a strongly deformed SO band, which extends upward and 
approaches EF as the Mn concentration increases [Fig. 1(c)]. Because Souma et al.’s 
data well follow this deformed SO band reported by Kanski et al. [Fig. 1(c)], the 
strongly deformed bands observed by both groups are likely the same. The important 
point is that, in Kanski et al.’s data, the shapes of the HH and LH bands are not 
deformed and they remain below EF. As the Mn concentration increases, the relative 
position between these (HH and LH) bands and the SO band is changed. Thus, it is  
impossible to estimate the correct EF position from this strongly deformed SO band 
using a band structure calculation of GaAs without  experimental data of the top of the 
HH and LH bands.15 
There seems inconsistency between the experimental results shown in Fig. 2d,f,g 
and their model based on the VB conduction picture shown in Fig. 3b of Ref. 1. Their 
experimental results showed that the EF position relative to the VB does not change 
appreciably when the Curie temperature (TC) decreases from 101 K to 62 K as can be 
seen in Fig. 2d,f,g of Ref. 1. This result does not agree with the VB conduction picture, 
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in which EF should strongly move with a decrease in TC as schematically shown in Fig. 
3b of Ref. 1. Their results shown in Fig. 2d,f,g are more likely consistent with the IB 
conduction picture, in which EF is pinned in the IB and does not move remarkably with 
a change in TC.4 Actually, one can see a feature that may be related to the IB near EF in 
their results. In Fig. 2c of Ref. 1, one can see a small peak at the binding energy around 
0.08 eV. The position of this peak does not depend on the wave vector kx (i.e. the 
position is fixed in all curves in Fig. 2c). This is definitely different from the feature of 
the VB, but may be understood as a feature related to the IB. 
We note that GaMnAs is an inherently disordered system where the disorder results 
in energy broadening of the IB and, although to a lesser extent, of the GaAs host 
bands.16 Therefore, in principle, the VB weight could extend to EF and contribute to the 
ferromagnetic transport, with the magnitude of this contribution scaling up with the 
degree of disorder and thus the Mn concentration x. However, as can be seen in the 
previous resonant tunneling studies, quantization of the VB has been clearly observed in 
Ga1-xMnxAs quantum wells with x up to 15%.3,4,6 This result indicates that disorder is 
not significant in the VB, and confirms the IB conduction picture. 
   The most important feature of the VB conduction picture is that the VB, including 
the HH, LH, and SO bands, is clearly spin split due to the p-d exchange interaction. The 
mean-field p-d Zener model, which is a representative VB conduction model, has 
predicted that the spin splitting is 60 meV for the LH and SO bands when x is 5%.17 
Because the energy resolution of the ARPES measurements was 15–40 meV in Ref. 1, 
the spin splitting may be observed, if any. In Ref. 1, however, it cannot be seen in any 
data. In the IB conduction picture, the spin splitting of the VB is estimated to be less 
than 3 meV.2,3 Thus, this result is likely consistent with the IB conduction picture. 
   In summary, the observation of the maximum of the SO band reported in Ref. 1 is 
unclear, which is not enough to support the VB conduction picture. Meanwhile, one can 
see features which are well explained by the IB conduction picture in the ARPES 
measurements reported in Ref. 1. Also, some features of their results seem to contradict 
the VB conduction picture. Therefore, we think that the ARPES results reported in Ref. 
1 likely support the IB conduction picture.  
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